Introduction {#H1-1-ZOI200052}
============

Asthma is globally the most prevalent chronic childhood disease affecting approximately 11% of children aged 6 to 7 years.^[@zoi200052r1]^ Type 1 diabetes is one of the most common childhood autoimmune diseases, with the incidence rates in Sweden among the highest worldwide.^[@zoi200052r2]^ Previous studies have demonstrated positive associations between asthma and type 1 diabetes,^[@zoi200052r3],[@zoi200052r4],[@zoi200052r5],[@zoi200052r6],[@zoi200052r7],[@zoi200052r8],[@zoi200052r9],[@zoi200052r10],[@zoi200052r11]^ indicating their concomitant occurrence at a population level and individual level and presenting evidence of the importance of the sequential appearance of disease.^[@zoi200052r7]^ However, results have been conflicting, and negative associations have also been shown.^[@zoi200052r12],[@zoi200052r13]^ The range of findings could be explained by heterogeneous methods, including various study designs, inclusion of both children and adults, lack of power, and differing definitions of disease.

The mechanisms that factor in to the association between asthma and type 1 diabetes are still unclear. Findings of co-occurrence of the diseases within individuals are in direct opposition to the previously proposed mutual inhibition of helper T cell T~[h]{.smallcaps}~1- and T~[h]{.smallcaps}~2-mediated immune responses.^[@zoi200052r11]^ Instead, more complex mechanisms involving T~[h]{.smallcaps}~17 cells and regulatory T cells have been implicated.^[@zoi200052r14]^ In favor of the positive association between asthma and type 1 diabetes is their similar increases in incidences over the past decades.^[@zoi200052r15]^ This similarity could suggest a common cause owing to changes in environmental factors, such as microbial exposure, socioeconomic status, geographic location during upbringing, and diet.^[@zoi200052r15],[@zoi200052r16],[@zoi200052r17]^

Shared genetic factors may also exist. Genetic studies have shown certain overlaps in susceptibility loci between asthma and type 1 diabetes,^[@zoi200052r18]^ although, to our knowledge, systematic comparisons of results from genome-wide association studies of asthma and type 1 diabetes have not yet been performed. Furthermore, asthma^[@zoi200052r19],[@zoi200052r20]^ and type 1 diabetes^[@zoi200052r21],[@zoi200052r22],[@zoi200052r23]^ are highly heritable diseases. Although heritability studies confirm an independent aggregation of these diseases in families, evidence is lacking for their familial coaggregation. Studying the familial coaggregation of asthma and type 1 diabetes among various types of relatives could help to explain the association between the diseases by providing evidence for the existence of etiologic factors---genetic, environmental, or both---shared within families.^[@zoi200052r24]^

In a large nationwide study, we aimed to assess bidirectional associations between asthma and type 1 diabetes to aid in understanding the co-occurrence of the diseases and importance of their sequential appearance, as well as examine their familial coaggregation using a genetically informative design. We hypothesized that relatives of individuals with one disease would be at an increased risk for the other disease, indicating a shared familial component.

Methods {#H1-2-ZOI200052}
=======

We conducted a population-based cohort study using data from multiple Swedish registers held by the National Board of Health & Welfare and Statistics Sweden, linked via the Swedish personal identity number.^[@zoi200052r25]^ Singleton children, live-born in Sweden between January 1, 2001, and December 31, 2013, were identified from the Medical Birth Register, and children with missing data were excluded ([Figure 1](#zoi200052f1){ref-type="fig"}). Data on emigration and death were obtained from the Total Population Register.^[@zoi200052r26]^ Using the Multi-Generation Register,^[@zoi200052r27]^ we linked children to their biological parents. From this linkage, we identified all siblings, maternal half-siblings, paternal half-siblings, cousins, and half-cousins within the cohort, creating 5 subcohorts. Each subcohort included all possible relative pairs; that is, each individual contributed at least twice---once as an index individual and once as a relative.

![Description of the Study Population\
Children born in Sweden between January 1, 2001, and December 31, 2013, were identified from the Medical Birth Register. Only live-born, singleton children were included, and children with missing data from various Swedish national registers were excluded.](jamanetwopen-3-e200834-g001){#zoi200052f1}

Ethical approval for this study was granted by the regional ethical review board in Stockholm, Sweden. The board waived the requirement of informed consent owing to the register-based study design and use of deidentified personal information. This study followed the Strengthening the Reporting of Observational Studies in Epidemiology ([STROBE](https://www.equator-network.org/reporting-guidelines/strobe/)) reporting guideline for cohort studies.

Definitions of asthma and type 1 diabetes were based on a combination of diagnoses and dispensed medication prescriptions from the National Patient Register and the Prescribed Drug Register (eMethods in the [Supplement](#note-ZOI200052-1-s){ref-type="supplementary-material"}).

Statistical Analysis {#H2-1-ZOI200052}
--------------------

First, a conditional logistic regression was used to assess the association between any diagnosis of asthma and type 1 diabetes at the end of the follow-up period. This model, conditioned on date of birth, assessed the risk, which is presented as crude and sex- and date of birth--adjusted odds ratios (ORs) and 95% CIs, of asthma at the end of follow-up among individuals with type 1 diabetes compared with individuals without type 1 diabetes or vice versa.

Second, to avoid differences in follow-up time, the associations between the cumulative incidences of the 2 diseases at different ages (5, 6, 7, or 8 years) were examined separately using logistic regression, calculating both crude and sex- and date of birth--adjusted ORs and 95% CIs. Each disease was assessed as both a dependent and independent variable. We present the model using type 1 diabetes as the independent variable and asthma as the dependent variable, but the results are bidirectional. Because we studied cumulative incidence cross-sectionally at the end of follow-up and at specific ages, one disease did not necessarily have to occur before the other disease.

Third, the respective associations between previous asthma and the risk of subsequent type 1 diabetes and between previous type 1 diabetes and the risk of subsequent asthma were estimated separately using Cox proportional hazards regression, with age as the underlying timescale and previous disease modeled as a time-varying independent variable. Follow-up started at birth and individuals were censored at emigration, death, or December 31, 2013, for children younger than 4.5 years or December 31, 2015, for children 4.5 years or older on December 31, 2013, owing to differences in asthma definition depending on age (eMethods in the [Supplement](#note-ZOI200052-1-s){ref-type="supplementary-material"}), whichever occurred first. The assumption of proportional hazards was tested based on Schoenfeld residuals. We found no evidence of nonproportional hazards and therefore did not explore any age-varying associations. Hazard ratios (HRs) were adjusted for sex and date of birth. Because we were interested in estimating within-individual associations, despite the presence of possible familial factors, to understand their co-occurrence rather than causal relationship, no other covariates were adjusted for.

To examine the familial coaggregation of asthma and type 1 diabetes, logistic regression was applied in each subcohort of relatives with models estimating the risk (as OR) of asthma (dependent variable) in relatives of individuals with type 1 diabetes (independent variable) compared with the risk of asthma in relatives of individuals without type 1 diabetes, and vice versa.

Because relatives share a higher number of genetic and environmental factors compared with nonrelatives, a higher risk of one disease in relatives of individuals with another disease compared with relatives of individuals without that other disease may point to evidence for shared etiologic factors within families associated with the co-occurrence of both diseases. Furthermore, differences in risk between relatives of varying genetic and environmental relatedness may help in understanding the type of shared familial factors in the association. For example, if an association was mainly a consequence of shared genetic factors, the association would decrease with increasing genetic distance between relatives.

In addition, each model was adjusted for sex and date of birth of the relative as well as for the possibility of a direct association between one disease and the other, ie, adjusted for asthma in the relative when estimating risk of type 1 diabetes in the relative and vice versa. Associations that remain positive even after adjusting for direct effects may give further support of the shared familial factors to both diseases.^[@zoi200052r24],[@zoi200052r28]^

All within-individual and familial coaggregation analyses for full siblings were repeated in sensitivity analyses. Stricter definitions of type 1 diabetes were used to exclude children with onset of disease when they were younger than 1 year, as well as identifying children with type 1 diabetes based separately on either diagnosis or insulin prescription. The analyses were also applied to a restricted cohort of children born between January 1, 2005, and December 31, 2013, to avoid left truncation owing to the Prescribed Drug Register starting in 2005.

In all statistical analyses, we used 2-sided 5% significance levels. To correct for nonindependence owing to familial clustering, the sandwich estimator for SEs was applied. Data management was performed using SAS, version 9.4 (SAS Institute Inc) and analyses using Stata, version 15.1 (StataCorp), from April 1, 2019, to January 17, 2020.

Results {#H1-3-ZOI200052}
=======

Our study population ([Figure 1](#zoi200052f1){ref-type="fig"}) consisted of 1 284 748 children (660 738 boys \[51.4%\] and 624 010 girls \[48.6%\]). In the cohort, 121 809 children (9.5%) had asthma and 3812 children (0.3%) had type 1 diabetes. Mean (SD) age at diagnosis was 3.0 (2.8) years for asthma and 5.9 (3.3) years for type 1 diabetes. In total, we identified 494 children with both asthma and type 1 diabetes, representing 0.4% of all asthma or 13.0% of all type 1 diabetes ([Table 1](#zoi200052t1){ref-type="table"}). We also identified 835 412 full siblings (in 1 083 788 full sibling pairs) with similar prevalence of disease (9.6% of children with asthma, 0.3% with type 1 diabetes, and 0.04% with both). Further descriptive statistics for the 5 relative subcohorts are presented in eTable 1 in the [Supplement](#note-ZOI200052-1-s){ref-type="supplementary-material"}.

###### Child Characteristics by Asthma and Type 1 Diabetes Status

  Characteristic                         Full Cohort   Asthma          Type 1 Diabetes   Asthma and Type 1 Diabetes
  -------------------------------------- ------------- --------------- ----------------- ----------------------------
  Total No. of children (%)              1 284 748     121 809 (9.5)   3812 (0.3)        494 (0.04)
  Age at first diagnosis, mean (SD), y                                                   
  Asthma                                 NA            3.0 (2.8)       NA                3.4 (3.0)
  Type 1 diabetes                        NA            NA              5.9 (3.3)         6.2 (3.3)
  Sex, %                                                                                 
  Male                                   51.4          61.8            51.7              60.5
  Female                                 48.6          38.2            48.3              39.5

Abbreviation: NA, not applicable.

Asthma and type 1 diabetes at the end of the follow-up period were positively associated (OR, 1.15; 95% CI, 1.05-1.27). Examination of the cumulative incidence of disease at specific ages showed ORs ranging from 1.33 (95% CI, 1.13-1.56) at age 5 years to 1.44 (95% CI, 1.28-1.63) at age 8 years ([Table 2](#zoi200052t2){ref-type="table"}).

###### Within-Individual Analyses of the Association Between Asthma and Type 1 Diabetes in Children Born From 2001 to 2013, Assessed at End of Follow-up and at Different Ages

  End of Follow-up[^a^](#zoi200052t2n1){ref-type="table-fn"}   Type 1 Diabetes   No Type 1 Diabetes   OR (95% CI)                                      
  ------------------------------------------------------------ ----------------- -------------------- ------------- --------------- ------------------ ------------------
  Overall                                                      3812              494 (13.0)           1 280 936     121 315 (9.5)   1.15 (1.05-1.27)   1.15 (1.05-1.27)
  Age 5 y                                                      1479              172 (11.6)           953 123       85 870 (9.0)    1.33 (1.13-1.56)   1.32 (1.12-1.55)
  Age 6 y                                                      1738              227 (13.1)           843 877       83 647 (9.9)    1.37 (1.19-1.57)   1.36 (1.18-1.56)
  Age 7 y                                                      1918              277 (14.4)           740 370       77 485 (10.5)   1.44 (1.27-1.64)   1.44 (1.26-1.63)
  Age 8 y                                                      2057              309 (15.0)           639 059       69 859 (10.9)   1.44 (1.28-1.63)   1.42 (1.26-1.60)

Abbreviation: OR, odds ratio.

Age at end of follow-up ranged from 1 day to 15 years.

Analyses adjusted for sex and date of birth.

Of 121 390 children with asthma and no previous diagnosis of diabetes, 394 children (0.3%) subsequently developed type 1 diabetes. Of 3073 children with type 1 diabetes and no previous diagnosis of asthma, 97 children (3.2%) subsequently developed asthma. We found a positive association for risk of subsequent type 1 diabetes following a previous diagnosis of asthma (HR, 1.16; 95% CI, 1.06-1.27). In contrast, type 1 diabetes was not associated with risk of subsequent asthma (HR, 0.92; 95% CI, 0.75-1.12) ([Table 3](#zoi200052t3){ref-type="table"}).

###### Bidirectional Within-Individual Associations of the Risk of Subsequent Disease (Asthma or Type 1 Diabetes) If Previous Exposure to the Other Disease (Type 1 Diabetes or Asthma) in Children Born From 2001 to 2013[^a^](#zoi200052t3n1){ref-type="table-fn"}

  Variable                                        Total, No.   Disease, No. (%)   Length of Follow-up, Mean (SD), y   HR (95% CI)                      
  ----------------------------------------------- ------------ ------------------ ----------------------------------- ------------- ------------------ ------------------
  Subsequent asthma if previous type 1 diabetes   1 284 748    3073 (0.2)         97 (3.2)                            6.6 (4.6)     0.92 (0.75-1.12)   0.91 (0.75-1.11)
  Subsequent type 1 diabetes if previous asthma   1 284 748    121 390 (9.4)      394 (0.3)                           7.4 (4.1)     1.16 (1.06-1.27)   1.17 (1.07-1.28)

Abbreviation: HR, hazard ratio.

Followed up from birth until disease onset, death, emigration, or December 31, 2015, whichever occurred first, using Cox proportional hazards regression.

The number of individuals receiving subsequent diagnosis of a second disease among those individuals with the first disease and no previous diagnosis of the second.

Analyses adjusted for sex and date of birth.

Full siblings of individuals with one disease were at an increased risk of the other disease (OR, 1.27; 95% CI, 1.13-1.42) ([Figure 2](#zoi200052f2){ref-type="fig"}). The coaggregation in full cousins was also positive, yet attenuated (OR, 1.08; 95% CI, 1.00-1.17). No significant ORs were detected for half-siblings (OR, 0.72; 95% CI, 0.45-1.16 for maternal half-siblings and OR, 1.13 95% CI, 0.74-1.73 for paternal half-siblings) or half-cousins (OR, 1.12; 95% CI, 0.96-1.31).

![Familial Coaggregation of Asthma and Type 1 Diabetes\
Crude odds ratios (ORs) represent the bidirectional association between asthma and type 1 diabetes across different types of relatives, and actual values are displayed on a logarithmic scale. Full data for familial coaggregation analyses are found in eTable 2 in the [Supplement](#note-ZOI200052-1-s){ref-type="supplementary-material"}.](jamanetwopen-3-e200834-g002){#zoi200052f2}

After additional adjustment for the direct association of one disease with the other, results for full siblings remained positive. Siblings of individuals with type 1 diabetes were at a higher risk of asthma even after adjusting for their own type 1 diabetes (OR, 1.25; 95% CI, 1.12-1.40), and uniformly, siblings of individuals with asthma were at a higher risk of type 1 diabetes even after adjusting for their own asthma (OR, 1.21; 95% CI, 1.08-1.36). Full data for all relative subcohorts are presented in eTable 2 in the [Supplement](#note-ZOI200052-1-s){ref-type="supplementary-material"}.

Results of the within-individual analyses were similar in the sensitivity analyses either excluding children diagnosed with type 1 diabetes before age 1 year (n = 84) or defining type 1 diabetes based on diagnosis (n = 2935) or insulin prescription (n = 3597) separately (eTable 3 in the [Supplement](#note-ZOI200052-1-s){ref-type="supplementary-material"}). Associations were stronger in the restricted cohort (n = 871 521) (eTable 4 in the [Supplement](#note-ZOI200052-1-s){ref-type="supplementary-material"}). For the familial coaggregation analyses, the associations were unchanged using alternative type 1 diabetes definitions and remained positive yet attenuated in the restricted cohort (eTable 5 in the [Supplement](#note-ZOI200052-1-s){ref-type="supplementary-material"}).

Discussion {#H1-4-ZOI200052}
==========

In this nationwide cohort study, we found associations between childhood asthma and type 1 diabetes both within individuals and families. We demonstrated a bidirectional association showing the co-occurrence of the 2 diseases and the apparent importance of the sequential appearance of disease, in which a previous diagnosis of asthma was associated with an increased risk of subsequent type 1 diabetes, whereas type 1 diabetes was not associated with an increased risk of subsequent asthma in children. The study also provides data on familial coaggregation, with siblings of individuals with asthma or type 1 diabetes at an increased risk of either disease, suggesting a shared familial risk.

The results of the bidirectional association between asthma and type 1 diabetes are in line with previously published findings,^[@zoi200052r3],[@zoi200052r4],[@zoi200052r5],[@zoi200052r6],[@zoi200052r7],[@zoi200052r8],[@zoi200052r9],[@zoi200052r10],[@zoi200052r11]^ supporting the possible co-occurrence of both diseases in a large population-based sample.

In assessing risk of subsequent disease after previous diagnosis of the other disease, similarly to a recent Finnish population-based study of 81 473 asthma cases and 9541 type 1 diabetes cases,^[@zoi200052r7]^ the direction of the association between asthma and type 1 diabetes appears to depend on the sequential development of disease. Metsälä et al^[@zoi200052r7]^ also noted that previous diagnosis of asthma appeared to be associated with increased risk of subsequent type 1 diabetes (HR, 1.45; 95% CI, 1.32-1.60). However, their findings of decreased subsequent asthma risk after previous diagnosis of type 1 diabetes (HR, 0.70; 95% CI, 0.59-0.84) are in contrast to the lack of difference in asthma risk found in our study.

Our findings of an increased risk of type 1 diabetes after previous asthma diagnosis are consistent with results reported elsewhere.^[@zoi200052r5],[@zoi200052r8]^ Surveillance bias probably does not explain these results given that children diagnosed with type 1 diabetes often present with acute symptoms and are swiftly referred for hospital treatment, even if not monitored for other conditions. However, we cannot reject that there may exist a causal pathway between asthma and development of type 1 diabetes, perhaps mediated via inhaled corticosteroid therapy.^[@zoi200052r29]^

In parallel with our findings, other studies have not been able to detect differences in asthma risk after previous type 1 diabetes diagnosis.^[@zoi200052r12]^ Some have, however, shown an increased subsequent risk of asthma,^[@zoi200052r4],[@zoi200052r6]^ which could result from surveillance bias. In our results, even though type 1 diabetes did not appear to be associated with an increased risk of subsequent asthma, the risk of both diseases co-occurring in one individual was increased. Our findings could partially be explained by the fact that asthma in our sample occurred at a younger mean age than type 1 diabetes, meaning that children with both asthma and type 1 diabetes in general already had received their asthma diagnosis before they developed type 1 diabetes.

In familial analyses, we found that siblings of individuals with asthma appeared to be at an increased risk of type 1 diabetes, and vice versa. The results remained positive even after adjustment for the direct association of one disease with the other, thus strengthening the evidence of shared familial factors---genetic, environmental, or both---in the co-occurrence. In favor of a shared genetic source of the diseases is our finding that siblings of individuals with asthma were at a higher increased risk of type 1 diabetes and vice versa, compared with cousins, suggesting a diminishing risk with increasing genetic difference.

A previous study^[@zoi200052r30]^ found associations between type 1 diabetes in children and a number of immune-mediated conditions, including asthma, in their parents (standardized incidence ratio, 1.31; 95% CI, 1.19-1.44) and siblings (standardized incidence ratio, 1.22; 95% CI, 0.79-1.87). The findings of coaggregation among first-degree relatives are similar to ours, given that parents and siblings share approximately the same amount of segregating genes (50%). However, the investigators of that study defined disease based only on hospital diagnoses, which may limit the identification of patients with asthma, given that only patients with the most severe disease are hospitalized.

From a research perspective, future studies using other genetically informative designs will be instrumental in further understanding of shared familial factors contributing to asthma and type 1 diabetes, for instance, through estimating heritability of the comorbidity using quantitative genetic modeling and/or linkage disequilibrium score regressions.

From a clinical perspective, although more evidence is needed before implementation of guidelines, awareness of the known association between the 2 diseases is important for physicians treating those patients. An understanding of the comorbidity could be beneficial in terms of avoiding diagnostic delay by recognizing symptoms of asthma that may otherwise be overlooked by caregivers and physicians in the more acute management of patients with type 1 diabetes.

Strengths and Limitations {#H2-2-ZOI200052}
-------------------------

A main strength of this study is the large population-based sample with data recorded prospectively and originating from reliable Swedish registers,^[@zoi200052r26]^ thereby increasing the generalizability of our findings to similar populations and eliminating the risk of recall bias. Furthermore, we used validated measures of disease, previously shown for both asthma^[@zoi200052r31]^ and definition of type 1 diabetes using insulin prescription.^[@zoi200052r2]^ In addition, the genetically informative design based on the identification and linkage of 5 types of relatives within our cohort allowed us to suggest familial coaggregation, thereby exploring the possibility of shared familial risk factors underlying the association between asthma and type 1 diabetes.

Despite these strengths, our results must be interpreted in light of several limitations. First, given data availability, our study may have right censoring reflected by the lower mean age at diagnosis and prevalence of type 1 diabetes in our cohort compared with other Swedish register studies.^[@zoi200052r32]^ Nevertheless, the incidence of type 1 diabetes is increasing in younger children^[@zoi200052r33]^ and we were able to examine the risk of disease at the specific younger ages, thereby contributing to the understanding of early-onset type 1 diabetes. Because administrative censoring is noninformative, it ought not to bias the results.

Second, the National Patient Register does not contain information on diagnoses from primary care and the Prescribed Drug Register only reports medication dispensed from 2005, which increases the risk of misclassification of milder asthma. The lack of these data may explain differences in the results of sensitivity analyses in the restricted cohort born from 2005. However, misclassification of type 1 diabetes based on diagnosis ought to be minimal because all children with type 1 diabetes are initially hospitalized, then routinely followed up in specialist outpatient clinics. Inclusion of other, rarer forms of diabetes in children, such as type 2 diabetes, is limited because type 1 diabetes is present in more than 98% of individuals in Sweden younger than 20 years who have diabetes.^[@zoi200052r34]^ In addition, results excluding children diagnosed before age 1 year indicated that possible misclassification of neonatal diabetes did not bias the results.

Third, despite our large sample, the study was underpowered to detect differences in risk among half-siblings and half-cousins, reflected in the small number of cases and wide CIs for the estimates. Owing to register coverage, we were not able to assess patterns of disease in the parents of the children in the cohort.

Conclusions {#H1-5-ZOI200052}
===========

This population-based cohort study of more than 1 million Swedish children found evidence supporting co-occurrence of asthma and type 1 diabetes in individuals, importance of sequential appearance of disease, and familial coaggregation. These results indicate both an oversimplification of the T~[h]{.smallcaps}~1/T~[h]{.smallcaps}~2 paradigm and support evidence for a familial risk due to shared factors, despite the possible existence of causal pathways between the 2 diseases. These findings represent an important step in further understanding the nature of the association between atopic and autoimmune disease and may be of importance in the future clinical management of these patients.
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